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Abstract
We discuss the existence of an acceleration scale in galaxies and galaxy
clusters and its relevance for the nature of dark matter. The presence of
the same acceleration scale found at very different length scales, and in
very different astrophysical objects, strongly supports the existence of a
fundamental acceleration scale governing the observed gravitational physics.
We comment on the implications of such a fundamental acceleration scale
for constraining cold dark matter models as well as its relevance for structure
formation to be explored in future numerical simulations.
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The mystery of the nature of dark matter is closely intertwined with the problem of
structure formation in the Universe, namely how structures such as globular clusters (∼ 10
pc), galaxies (∼10 kpc), and galaxy clusters (∼10 Mpc) evolved, or are currently evolving,
at various different length-scales.
According to the ΛCDM model of cosmology, our Universe started out with almost
uniform distributions of cold dark matter (CDM) and baryonic matter. The properties
of CDM are completely unknown and the only assumptions are that it is non-relativistic
(Cold), and that it only interacts with the baryonic matter (and itself) gravitationally. Small
fluctuations in the initial dark matter distribution evolve into filaments and voids, as seen
in the famous “Millennium Simulation,” forming gravitational potential wells into which the
baryonic matter collapse later, after the “last-scattering” of photons, collecting into clumps
of gas which eventually evolve into the structures we see today [1, 2].
Our understanding of this structure formation process is incomplete. Observations such
as the Hubble Deep Field have allowed us to peak back in time to the early stages of structure
formation, with the surprising revelation that galaxies started to form earlier than previously
envisioned. However, the observations of faint and/or far-away objects are limited by the
sensitivity and resolution of the detector, and we are yet to see the full history of structure
formation directly [3, 4].
N -body simulations also provide us with insights into structure formation. Yet, the
currently available computer power only allows simulations of very coarsely grained and
roughly modeled systems, especially when simulating baryonic matter due to the vastly
different time- and length-scales of the processed involved. Nevertheless, there are hints that
ΛCDM may be insufficient to fit all observations toward the galactic scale and below [5, 6],
indicating that we may need to go beyond the ΛCDM paradigm [7].
A curious observational fact which is not often emphasized (or emphasized in the limited
context of MOND [8]), is that the dark- and baryonic-matter distributions in galaxies today
(redshift z ∼ 0) are strongly correlated via an acceleration scale which is universal to all
spiral galaxies. A correlation between the total dark matter and total baryonic matter in a
region surrounding a galaxy is to be expected in the ΛCDM scenario, but given that galaxies
are thought to have gone through various phases including starbursts, emission of gasses, and
multiple mergers during their evolutionary histories [3,4], a dynamic correlation involving a
universal acceleration scale is surprising.
The existence of this acceleration scale universal to spiral galaxies is implicit in the Tully-
Fisher relation (TFR, [9]). Originally noted as an empirical relation between the absolute
optical luminosity L of spiral galaxies and the width of the Hi 21 cm line, it has since been
reformulated into the baryonic Tully-Fisher relation (BTFR) which posits a relation between
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the total baryonic mass of the galaxy Mbar (the sum of masses of the stars and gas) and the
asymptotic rotational velocity v∞ of the form [10,11]
Mbar ∼ v4∞ . (1)
This relation, which shows a tighter correlation in the data than L ∝ v4∞ (due to the
contribution of non-luminous gas), is equivalent to stating that the ratio
a§ =
v4∞
GMbar
(2)
is universal among spiral galaxies. Here, G is Newton’s gravitational constant giving a§ the
dimensions of an acceleration. Scalewise, galactic rotation curve data yields a§ ≈ 10−10 m/s2
[12]. Note that v∞ is a proxy for the centripetal acceleration of the object due to the total
mass of the galaxy, including contributions from both baryonic and dark matter. Thus, the
BTFR implies a universal correlation between the observed acceleration aobs (as deduced
from v∞) and the expected acceleration abar from the baryonic matter Mbar alone toward
the outskirts of spiral galaxies.
For spirals, universal correlations between the aobs and abar have been noted by various
authors at other radii as well, though not necessarily expressed as a relation between the
two [13, 14]. McGaugh et al. derive such are relation in Ref. [15] using 2693 data points
at various radii from 153 late type galaxies (LTGs) in the SPARC database [16]. These
data points cover a range of abar from about 10
−8 m/s2 down to about 10−12 m/s2 and the
relation between aobs and abar is investigated. It is shown that the data fall nicely on the
so-called Mass Discrepancy Acceleration Relation (MDAR) curve (also known as the “Radial
Acceleration Relation” (RAR)):
aobs =
abar
1− e−
√
abar/a§
. (3)
The best-fit value of the acceleration parameter a§ in this expression was found to be a§ =
(1.2±0.02(stat)±0.24(syst))×10−10 m/s2. It is straightforward to show that MDAR implies
BTFR. Salucci in Ref. [17] confirms the MDAR by translating the results from Persic, Salucci
et al. in Ref. [14], which used roughly ten times more data than [15] from 967 galaxies, and
also different analysis techniques. (See also Ref. [18].)4 Di Paolo, Salucci, and Fontaine
in [19] further extend the analysis to low surface brightness (LSB) galaxies and dwarf-spirals
and find that while data points toward the center of the galaxies do not fall on the MDAR,
those toward the outskirts do, i.e. the BTFR applies to these classes of galaxies as well.
4Though McGaugh et al. [15] and Salucci [17] agree completely on what the data say, they disagree on
the implications for the properties of dark matter.
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Thus, the existence of a§ ∼ 10−10 m/s2 as a universal acceleration scale for spiral galaxies
seems quite robust.5
The relation for elliptical galaxies that parallels the TFR for spirals is the Faber-Jackson
relation (FJR, [20]). Again, it was originally noted as a proportionality between the absolute
optical luminosity L of elliptical galaxies and the fourth-power [20, 21] of the line-of-sight
(los) velocity dispersion σ. (Different data sets, however, yield a considerable spread in
values for the power of σ [21].) The corresponding baryonic Faber-Jackson relation (BFJR)
is
Mbar ∝ σ4 , (4)
which immediately implies the existence of an acceleration scale
a∅ =
σ4
GMbar
, (5)
which is universal among elliptical galaxies. While this acceleration scale in elliptical galaxies
is not as firmly established as that in spiral galaxies, there are indications that the scale is
similar in value. For example, the MDAR, established for rotationally supported late type
galaxies (LTGs, spirals and irregulars) in Ref. [15], was extended in Ref. [22] to include 108
data points from 25 early type galaxies (ETGs, ellipticals and lenticulars), 28 points from
16 rotating ETGs from Altas3D and 80 points from 9 X-ray ETG’s, and it was shown that
these points fall precisely on the same MDAR as the LTGs (see Figure 8 of [22]). Thus,
indications are that a∅ ∼ a§ ∼ 10−10 m/s2 ≡ a0.
Where could this universal acceleration scale a0 be coming from? If we are to keep the
theory of gravity intact (no MOND), two possibilities come to mind:
1. The scale is emergent in the ΛCMD model. It is an indication of the robustness of the
galaxy formation process and will consistently emerge in numerical simulations once
the evolutions of both dark- and baryonic-matter are properly included. This point of
view is discussed in Ref. [23]. See also Ref. [24].
2. The existence of this universal acceleration scale hints at a new heretofore unknown
property of CDM. Noting that the value of the acceleration scale can be related to
the Hubble scale H0 via a0 ≈ cH0/(2pi), and noting further that Λ ∼ 3H20 , could it
be pointing to a correlation between dark matter and dark energy? See, for instance,
Refs. [25, 26].
We have also considered the second possibility in previous works [27], where we confront the
data with the modified dark matter (MDM) proposal of Ref. [28] by Ho, Ng, and one of
us. In MDM, the CDM quanta is informed of the cosmological constant Λ via gravitational
thermodynamics.
5 Note that this is an observational fact, completely independent of whether MOND is assumed or not.
3
Figure 1: The Faber-Jackson relation including galaxy clusters, elliptical galaxies, and glob-
ular clusters. The black and grey circles correspond, respectively, to clusters and elliptical
galaxies. The open squares represent data from globular clusters. The dashed line is the
best fit to the cluster data, the dotted and dot-dashed lines are the best-fit to the elliptical
galaxies alone and the globular clusters alone, respectively. The solid line is the best-fit to
all of the data taken together.
At this point in time, Occam’s razor would favor the first option, given that the scale
a0 = 10
−10 m/s2 does indeed seem to emerge in recent simulations [24]. However, what if the
same acceleration scale appeared in structures at vastly different length-scales as well?
Let us look at galaxy-clusters. In Ref. [29], Zhang et al. analyze 62 of the 64 galaxy
clusters in the HIFLUGCS database [30], and for each cluster provide the los velocity dis-
persion σ of the member galaxies (13439 galaxies total), and the total baryonic mass Mbar
inside the cluster radius r500 (r500 is the radius within which the baryonic mass density is
500 times the critical density), which was estimated from the gas mass Mgas obtained from
X-rays observations. Note that σ and Mbar are determined from independent observations.
Using this data, we plot σ4/(Ga0) against Mbar in Figure 1. We see that the 62 data points
(black circles) cluster around σ4/(GMbar) = a0 (black solid line), indicating that a0 also
appears in the dynamics of galaxy clusters.
Figure 1 also shows 56 data points for elliptical galaxies (gray circles), and 56 data
points for globular clusters (open squares). Velocity dispersions and mass estimates for the
elliptical galaxies were taken from Ref. [31], and those for the globular clusters were taken
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from Ref. [32]. While the mass estimates for globular clusters are not entirely independent
of velocity dispersion measurements, they were based upon the King model for globular
clusters (see [33] and references therein) rather than relying on observed correlations for
which dispersion is just one of the model parameters. As can be seen, inclusion of the
globular cluster data shows that the BFJR applies to pressure supported systems which
differ in mass-scale by as much as 10 orders of magnitude.
Note that the existence of the BFJR and a0 in galaxy cluster data had been pointed
out as early as 1994 by Sanders in Ref. [34], in which the MONDian virial theorem, which
includes a0, was used to relate σ and Mbar. The analysis was extended to include globular
clusters in Ref. [35] to posit a “universal Faber-Jackson relation” similar to Figure 1. See
also Refs. [36,37]. Our current analysis indicates that the appearance of the BFJR straddling
vastly different scales does not depend on any dynamics, Newtonian or otherwise. It is purely
an observational fact.
What are we to make of this result? The evolution of galaxy clusters again is thought to
involve various processes through which it is difficult to imagine that any “memory” of a0
of each galaxy in the cluster would be maintained or transferred to the cluster intact. If the
presence of a0 is due to dark matter, what type of quanta must it be?
Let us speculate: The BTFR and BFJR imply that the dark matter mass profile knows
about the baryonic mass profile, the acceleration scale a0, and the inertial properties of
tracers in the gravitational potential. The dark-matter quanta are therefore inherently non-
local. A possible candidate for such quanta are metaparticles, which are found in the long-
distance limit of an intrinsically non-commutative formulation of quantum gravity/string
theory [38]. In this context, dark matter is correlated to the visible baryonic matter via a
fundamental length scale that can be related to dark energy (or the cosmological constant,
Λ ∼ 3H02) [39, 40]. Thus, the BTFR and BFJR could be hints that the CDM quanta is
something quite exotic.
On the other hand, it could still be that a0 will emerge in galaxy-clusters within the
standard ΛCDM framework, just as it seems to do for galaxies [24]. Forthcoming analysis of
Cluster-EAGLE simulations [41] may help us better understand the extent to which ΛCDM
can accommodate the existence of a0 in both galaxies and galaxy clusters.
Colliding clusters may also offer further clues. We have thus far considered systems that
are mostly or completely relaxed. If a0 emerges in these relaxed systems as the end product
of the interaction of baryonic matter and dark matter, we would expect that there will be
no evidence for it in colliding clusters. However, the presence of a0 in colliding clusters
would be very strong evidence that a0 is fundamental to nature. In this sense, our discussion
naturally relates to the observationally supported proposal for dark matter quanta that are
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sensitive to dark energy [28]. This, in turn, should have important implications for structure
formation and it should be explored in numerical simulations.
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